ABSTRACT -This work presents results of molecular simulations on adsorption of the four xylene isomers (o-, m-, p-xylene and ethylbenzene) in the porous zirconium terephthalate UiO-66. Grand-canonical Monte Carlo simulations (GCMC) are compared to multi-component adsorption equilibrium data obtained by breakthrough experiments. Additionally, the adsorption behavior of each isomer in order to better understand the multicomponent adsorption was evaluated. The simulations confirm that the experimentally observed ortho-selectivity is preferential in relation to the other isomers. Access to the small cages seems to be favored for o-xylene due to its more compact structure that provides more advantages in terms of rotation degrees of freedom. Furthermore, it was found that there is a competition between the other three isomers for adsorption in the UiO-66.
INTRODUCTION
The recent synthesis of a new family of zirconium-based Metal Organic Frameworks (MOFs) with high surface area and exceptional stability opened a wide range of possibilities on separation applications. The UiO 66 is based on a ZrO 6 (OH) 2 octahedron, and 1,4 benzene dicarboxylate (BDC) linkers. Its cubic 3D-pore structure consists of an array of octahedral cavities of diameter 1.1 nm, and tetrahedral cavities of diameter 0.8 nm (Cavka et al., 2008) . Repetitive hydration/dehydration tests have revealed that the dehydroxylated and hydroxylated versions of UiO 66 are fully reversible.
However, studies on application of UiO 66 for separation of mixtures are still incipient. The first experimental study conducted for hexane and xylene isomers mixtures shows that the adsorption order of structural isomers in UiO 66 is opposite to the one observed in conventional adsorbents (Bárcia et al., 2011) . This reverse shape selectivity was also observed for the xylene isomers adsorption in liquid phase, using n-heptane as eluent (Moreira et al., 2012) .
The objective of the present work is to evaluate the behavior of single and multicomponent adsorption in UiO-66 by using four different molecular models of the xylene isomers, which are described as follows.
METHODOLOGY
The Monte Carlo technique in the grand-canonical (μVT) ensemble has been extensively applied for calculations of adsorption properties, such as isotherms and heats of sorption. Detailed explanation of this simulation technique can be found elsewhere (Frenkel and Smit, 2002) . The UiO-66 framework was considered rigid, and periodic boundary conditions were applied in all directions. The model was built from the X-ray diffraction data, taken from the Cambridge Crystallographic Data Centre (CCDC) under code 733458 (Cavka et al., 2008) . This structure represents the dehydroxylated form of UiO-66, obtained after the activation procedure. The potential parameters for the non-metallic atoms were taken from the DREIDING force field. The Zirconium parameters were taken from the Universal force field since they are not available in the DREIDING force field. . A graphical representation of the UiO-66 framework is shown in Figure 1 . The adsorbate molecules were simulated using four different approaches. The first two are well known from the literature:
Model 1 -The TraPPE model (Wick et al., 2000) . In this model, the aromatic pseudo-atoms are treated as a single interaction center as well as the CH 3 sp 3 and the CH 2 sp 3 aliphatic pseudo-atoms.
Model 2 -The Optimized Potentials for Liquid Simulations -OPLS (Jorgensen et al., 1993) that is an all-atom model used for the substituted benzenes except the CH 3 sp 3 aliphatic groups which are treated as united atoms centered on the carbon.
The other two models take the effect of the quadrupolar interactions of the aromatic ring into account by inserting three partial charges to the arenes and re-fitting their Lennard-Jones (LJ) parameters:
Model 3 -Extension of the TraPPE force field (Wick et al., 2002) . This new representation of the arenes contains a positive partial charge (q center = +2.42 e), placed at the center of the ring, and two negative partial charges representing the π electron clouds (q pi = -1.21 e), placed at a distance of 0.785 Å from the ring center and on a line perpendicular to the arene plane.
Model 4 -Charged AUA model introduced by Nieto-Draghi et al. (2007) . This model describes the electrostatic interactions inside the π cloud of electrons by a positive partial charge (q center = +8.13 e), and two negative partial charges (q pi = -4.065 e), at 0.4 Å above and below the ring center. Zhai et al. (2012) used this model to investigate the diffusion of ortho-, meta-, and para-xylene in a FAU zeolite at 300-900 K by molecular dynamics simulations.
The TraPPE-UA force field considers all pseudo-atoms as neutrals, so partial charges are not needed. The OPLS-AA model for benzene makes use of partial charges at the carbon and hydrogen sites (Jorgensen et al., 1993) . The Ewald summation technique is employed to calculate the long-range coulombic interactions in all cases where charges have been assigned (Models 2, 3, and 4).
The Lorentz-Berthelot mixing rules were employed to calculate the LJ cross interactions. The intermolecular potentials were truncated at 13 Å for adsorption simulations. The simulation box consists of a 2×2×2 supercell, which corresponds 8 unit cells of space group Fm-3m with lattice parameters a = 20.743 Å, b = 20.743 Å, and c = 20.743 Å. Periodic boundary conditions were applied in all directions. Each simulation required 7.0×10 7 steps for equilibration followed by 7.0×10 7 steps for production.
RESULTS AND DISCUSSION

Methane and CO 2 Adsorption in UiO 66
In order to validate the framework model and its potential parameters, we performed molecular simulations of CH 4 and CO 2 adsorption in UiO-66. The purpose is to evaluate the framework parameters by simulating adsorption properties of a neutral species (CH 4 ), and a charged species (CO 2 ).
Our results show a very good agreement with methane experimental data from Abid et al. (2012) , who investigated the synthesis of UiO-66 with addition of ammonium hydroxide, and the effects of the additive on the structure and adsorption behavior in CH 4 and CO 2 adsorption compared with UiO-66 without functionalization. For CO 2 , our results are compared with simulations performed in a dehydroxylatedUiO-66 at 303 K (Wiersum et al., 2011) . The Lennard-Jones parameters for methane are the same in the OPLS (Jorgensen et al., 1986) , and TraPPE (Martin and Siepmann, 1998) force fields. Figure 2 illustrates the simulated and experimental isotherms of methane, at 273 K. Figure 3 shows CO 2 simulation data. The good agreement between simulations and experiments allows us to apply the UiO-66 framework model to investigate the adsorption properties of xylene isomers, as described below.
Molecular Simulation of Xylene Isomers Adsorption in UiO 66
Single component equilibrium adsorption: It is necessary to evaluate the adsorption behavior of each isomer in order to better understand the multicomponent adsorption. The stacking of the xylene molecules within the MIL 47 and MIL 53 structures has been reported by Finsy et al. (2008 Finsy et al. ( , 2009 , and Alaerts et al. (2007 Alaerts et al. ( , 2008a Alaerts et al. ( , 2008b . This stacking is due to the interaction of the aromatic ring of the adsorbate molecules with the aromatic ring of the organic linker, so called π−π stacking. Their selective behavior is due to different mechanisms. Finsy and co-workers reported that the selectivity in MIL-47 is due to packing in the channels. On the other hand, the selectivity in MIL-53 is due to differences in the adsorption enthalpy of the different isomers. (Maes et al., 2010) . It is likely that a similar π−π stacking behavior will take place also for UiO-66 type structures. Figure 4 shows the adsorption equilibrium isotherms, of the xylene isomers on UiO-66, at 398 K, obtained by molecular simulations. It can be observed that UiO-66 is ortho-selective. Additionally, it also presents selectivity between meta-xylene and para-xylene, in a reverse order to their size/dimensions (reverse shape selectivity). Isosteric heats of adsorption were obtained by GCMC simulations, from the combined energy/particle fluctuations (Karavias and Myers, 1991) . Our results are shown in Table 4 , and compared with results obtained from the literature (Chang and Yan, 2012) . The results are in good agreement with each other. Figures 5a) and 5b) are a graphical representation of the data presented in Table 4 . From Figure 5b ) it can be observed that at low loadings the heats of adsorption are similar for the adsorption of the four components on UiO-66. Therefore, one can conclude that the main interaction between the adsorbate molecules and the structure is the π−π stacking, maybe with weak contributions from the interactions of the methyl groups with framework. Figure 5 -Heats of adsorption versus loading, of the xylene isomers on UiO-66. Open symbols = simulations (this work); closed symbols = experimental (Chang and Yan, 2012) . Zoomed area -red rectangle at left -(a) is shown at right (b).
Multicomponent equilibrium adsorption: Multicomponent adsorption of xylene isomers in UiO-66 was experimentally studied by means of quaternary breakthrough curves of an equimolar mixture at a total pressure of 1 and 10 kPa, and temperatures of 398 and 423 K (Bárcia et al., 2011) . The experimental results demonstrate the higher retention of ortho-xylene over the other isomers. The least adsorbed is the para-xylene, while it has been also observed that meta-xylene, and ethylbenzene are not well distinguished. A comparison between experimental data and our simulations, at 398 K is shown in Table 5 .
Although the selectivity towards ortho-xylene is higher in our simulations than the one observed experimentally, the preferential order of adsorption is well predicted by our simulations. The difference between experimental and simulated adsorbed amounts can be due to the UiO-66 framework flexibility due to the rotation/flip of the aromatic ring within the structure (Morris et al., 2011) , leading to lower differences in affinity to the four isomers and lower total adsorbed amount. The influence of the different force fields is reflected by a higher ortho-xylene uptake when no partial charges are assigned to the adsorbate pseudo-atoms. The complex role of charge distribution needs further studies, since an inversion between meta-xylene and ethylbenzene selectivity is observed depending on the force field. 
CONCLUSIONS
In this work, we report molecular simulation results of single component and multicomponent adsorption of the four xylene isomers in MOF UiO-66 that confirms its ortho-selectivity, also observed by experiments. Altogether UiO-66 presents reverse shape selectivity for the xylene isomers. The ortho-selectivity is due to entropic effects rather than to the heats of adsorption (enthalpic effects). Molecular simulation is applied as a powerful research tool in predicting accurate results of adsorption properties of potential adsorbent candidates for xylene isomers mixtures that are essential for the development of adsorption based separation processes.
